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We validate for the first time the phenomenological phonon confinement model (PCM) of
H. Richter, Z. P. Wang, and L. Ley [Solid State Commun. 39, 625 (1981)] for silicon
nanostructures on the sub-3 nm length scale. By invoking a PCM that incorporates the measured
size distribution, as determined from cross-sectional transmission electron microscopy (X-TEM)
images, we are able to accurately replicate the measured Raman line shape, which gives physical
meaning to its evolution with high temperature annealing and removes the uncertainty in
determining the confining length scale. The ability of our model to explain the presence of a
background scattering spectrum implies the existence of a secondary population of extremely
small (sub-nm), amorphous silicon nanoclusters which are not visible in the X-TEM images.
Furthermore, the inclusion of an additional fitting parameter, which takes into account the
observed peak shift, can be explained by a size-dependent interfacial stress that is minimized by
the nanocluster/crystal growth. From this we obtain incidental, yet accurate estimates for the
silicon surface energy and a Tolman length, d  0.156 0.1 nm using the Laplace-Young
relation.VC 2011 American Institute of Physics. [doi:10.1063/1.3575181]
I. INTRODUCTION
The phonon confinement model (PCM) was initially
proposed by Richter et al.1 to describe asymmetrically
broadened Raman line shapes from samples containing sili-
con microcrystals. In single crystal bulk semiconductors the
phonon wave-function extends over the entire structure with
well defined energy and momentum characteristics. The con-
servation of momentum for light scattering from phonons
means that only those modes at the Brillouin zone (BZ) cen-
ter (corresponding to a wave-vector, q0¼ 0) are Raman
active. In bulk silicon this mode appears at xbulk¼ 521 cm1
with a natural linewidth at room temperature, C0 4 cm1.
In amorphous material the disrupted translational symmetry
and absence of long range order leads to a relaxation of this
selection rule and an extension in the number of allowed
modes for q= q0, leading to a broad band of optical phonon
spectra, which for SiO2 is centered around 480 cm
1. The
localization of phonons to micro- or nanoscale semiconduc-
tor materials (with a small to medium range order and con-
fining length, L) also leads to a relaxation of this selection
rule and an uncertainty in the phonon momentum, Dq which
increases with the inverse confining length scale, L1. This
gives rise to an increase in the number of Raman active
modes away from the BZ center and results in peak shifts or
asymmetrically broadened spectra, the degree of which
should be a strong function of the phonon dispersion of the
scattering material. The Richter model1 supposes an infinite
crystal wave-function that is weighted by some confinement
envelope function, W(r, L) which attenuates its amplitude to-
ward the nanocrystal boundary, i.e., at 2r/L¼ 1. The modi-
fied Raman line shape may therefore be expressed
mathematically as the product of the Lorentzian line-shape
function, L(x, q), which arises from the inelastic scattering
of photons by zone center phonons and the Fourier coeffi-
cient of W(r, L), summed over the entire BZ.2 A number of
models1–5, including that of Richter et al.1 have attempted to
determine the phonon confining length scale by fitting the
measured Raman spectra under the assumption of a particu-
lar boundary value for the phonon wave-function. This
approach is unreliable because the boundary value of the
phonon wave-function and the confining length scale are
mutually dependent. Rather, in this contribution, we invoke
the recently adapted PCM of Adu et al.6 in which we include
the measured nanocrystal size and, critically, the distribution
of sizes from cross-sectional transmission electron micros-
copy (X-TEM) images, which defines our phonon confine-
ment length. A general confinement envelope function
having Gaussian form can then be employed to fit our meas-
ured Raman spectra by optimization of an exponent value, a,a)Electronic mail: iain.crowe@.manchester.ac.uk.
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which provides the boundary value of the phonon wave-
function. While the results of our investigations concur qual-
itatively with those in Ref. 6, in that a is found to be inde-
pendent of the confining length, the actual boundary value
we determine differs quantitatively. While the large range of
reported values undoubtedly reflect an omission of the size
distribution from many models, a more complete comparison
should also take into account the fact that the definition of
the phonon dispersion characteristics often vary from model
to model. In addition to removing anisotropy from the dis-
persion of bulk optical phonon branches, on account of the
random orientation of the nanocrystals, the model should
take into account the effects of temperature and pressure on
the phonon dispersion. In doing so, we obtain the result that
the wave-function probability amplitude is equal to zero
only for 2r/L 1, and thereby remove the rather ambiguous
concept of “soft confinement” in which phonons are sup-
posed to “leak” into the surrounding matrix. Furthermore,
we are able to infer from our fitting a spectral shift attribut-
able to a difference in pressure across the nanocrystal inter-
face, which is minimized by their growth, analogous to small
liquid droplets. Relating the change in pressure to the change
in size using the Laplace-Young equation reveals a size-de-
pendent surface energy and an incidental estimate of the Tol-
man length, both of which are in excellent agreement with
literature values.
II. EXPERIMENTAL METHODS
A. Sample preparation
500nm SiO2 films were grown by “wet” thermal oxida-
tion from either single crystal (100) Si (X-TEM) or sputtered
Si on Al2O3 (Raman). The oxide films were then implanted
with Siþ at 80 keV to an areal density of 8 1016cm2,
which yields a distribution of excess Si atoms in a 100 nm
wideband, centered 100 nm below the surface, as predicted
by Monte Carlo simulations using the Stopping and Range of
Ions in Matter (SRIM 2003) and verified by TEM (not shown
here). The implanted distribution yields a peak concentration
of Si 8 at. % excess, as verified by Rutherford backscatter-
ing spectroscopy (RBS) (not shown here). Annealing of the
Si supersaturated oxide films to obtain silicon nanocrystals
and remove implantation damage was executed using a com-
mercial Jipelec Jetfirst 100 rapid thermal processor in a nitro-
gen (N2) ambient for isochronal anneal temperatures in the
range 1050 to 1100C and isothermal anneal times in the
range 1 to 600 s. All samples were post-process annealed in
a mixed N2:H2(5%) forming gas at 500
C for a further 5
min, which is known to passivate the so-called “dangling-
bond” type interfacial defects (Pb-centers).
7
B. Cross-sectional transmission electron microscopy
(X-TEM)
Imaging silicon nanocrystals in SiO2 is complicated by
the similar atomic number and density of the two materials,
which gives rise to a low phase contrast.8 As such, we
adopted a cross-sectional, dark field imaging technique at
relatively low magnification first described by Iacona et al.9
in order to obtain a statistically relevant dataset. Using a
Phillips CM-12 TEM at 120 keV, we were able to obtain a
large number of silicon nanocrystals (>200) in a single
image by aligning the TEM beam along a particular zone
axis, in our case <220>. In this way the image contrast is
enhanced by the diffraction of the TEM beam electrons from
nanocrystal planes aligned along the same axis. While the
random orientation of the nanocrystals naturally yields an
underestimate for the absolute density using this technique,
the relative density, size and distribution of nanocrystals in
the implanted layer as a function of annealing time or tem-
perature can be determined in a highly repeatable manner.
C. Raman spectroscopy
The Raman signatures of amorphous and crystalline Si
are uniquely distinguishable, which makes this technique par-
ticularly suitable to a study of the phase transformation of sili-
con nanocrystals during annealing. Obtaining Raman spectra
from silicon-rich silicon oxide on silicon is problematic how-
ever due to the low volume fraction of randomly oriented sili-
con nanocrystals, the weak signal from which can be swamped
by the strong transverse-optical (TO) phonon mode at 521
cm1 from the substrate. Wellner et al.10 achieved this how-
ever for a single layer of silicon nanocrystals in a thin oxide on
silicon using a combination of resonant excitation and exploi-
tation of the Raman selection rules. Resonant excitation, for
example at 3.4 eV, which corresponds to the direct gap in bulk
silicon, greatly enhances the Raman scattering cross section
while cross polarizing the exciting and scattered light strongly
suppresses the substrate signal relative to that from the nano-
crystals because of their random orientation. We were able to
avoid such complicated experimental arrangements by study-
ing the Raman spectra from samples prepared via implantation
of Siþ into SiO2 on Al2O3 (sapphire) substrates and annealed
under exactly the same conditions as those studied by X-TEM.
Photoluminescence spectra (not shown here) confirmed that
these samples exhibited similar optoelectronic properties to
those prepared in thermal oxide on silicon.
The samples were excited using the 514 nm line of an
Arþ laser focused at the sample using a 50x microscope
objective lens. Raman spectra were collected con-focally in a
backscattering geometry and dispersed using a Renishaw
1000 micro-Raman system. The signals were detected using a
charge coupled device (CCD) camera and the signal to noise
ratio was optimized by minimizing the CCD pixel array,
increasing the exposure time and averaging accumulated spec-
tra over several minutes. Comparing the spectra with a virgin
substrate facilitated removal of the background scattering
signal from the sapphire, which is well documented.11,12 All
measurements were conducted at room temperature.
III. RESULTS AND DISCUSSION
A. Cross sectional dark field transmission electron
microscopy (X-TEM)
A selection of X-TEM DF diffraction contrast images
for anneal times in the range 1 to 600 s at 1100 C are shown
in Fig. 1.
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The X-TEM image “atlas” of Fig. 1 reveals the effects
of isothermal annealing time (tA) on the silicon nanocrystal
size and density. Images to the right (long tA) reveal large,
sparsely populated silicon nanocrystals whereas those on the
left (short tA) are smaller and more populous. In order to
obtain a thorough statistical dataset, more than 200 nanocrys-
tals in each image were counted and analyzed to determine
their size and density. The uncertainty in determining nano-
particle size using this de-focused imaging technique was
previously reported to be around 6 5%13,14 and the mini-
mum detectable nanocrystal diameter, which is limited by
the resolution of the microscope, is 0.7 nm9.
Figure 2shows representative stack histograms obtained
from the X-TEM image “atlas”, which reveal quantitatively
the evolution of the silicon nanocrystal size distributions as a
function of annealing time.
In agreement with previously reported analyses of the
nano-structure size distributions,6,15 we find that the histo-
grams in Fig. 2 are most accurately represented by the log-
normal PDF, Eq. (1) with characteristic values obtained for
the expected (or most probable) nanocrystal size, L and
standard deviation, r.
F L; L; r
  ¼ 1
r
exp 
Log Lð Þ  Log L 2 
2r2
0
@
1
A: (1)
B. Raman spectroscopy and the phonon confinement
model (PCM)
In an infinite crystal semiconductor, the phonon wave-
function with radial coordinate, r and wave-vector, q0 can be
written:1,2
U q!0; r
  ¼ u q!0; r ei q!0:r (2)
where u( q!0, r) has the periodicity of the lattice
For the same phonon confined to a spherical nanocrystal,
diameter, L we can write the modified wave- function as:
W q!0; r
  ¼ W r; Lð ÞU q!0; r  ¼ W0 q!0; r u q!0; r  (3)
where W(r, L) is defined generally according to:6
W r; Lð Þ ¼ Ae ar=Lð Þ2 (4)
with the wave-function probability amplitude given by:1
Wj j2¼ A2e 2 ar=Lð Þ2ð Þ: (5)
The modified wave-function therefore decays toward the
nanocrystal boundary at 2r/L¼ 1 with the actual boundary
value determined by a.
Expanding W0 ( q!0, r) in a Fourier series provides a
means for evaluating the frequency response of the phonon
localization, i.e., the effect of localization on the Raman
spectrum. A general expression for the Raman line shape,
I(x, q) is then obtained from the product of the Lorentzian
line-shape function, L(x, q), which arises from the scattering
of light from a dispersion of infinite crystal phonons and the
Fourier coefficient of the confinement envelope function, as
determined by C q!0; q!
  / Ð W0 q!0; r! ei q!: r!d3r which
introduces additional modes for q= 0, which is then
summed over the entire BZ:
I x; q!  ¼ ð
BZ
C q!0; q!
  2L x; q! d3q: (6)
For 3D confinement, the infinitesimal volume element, d3q is
proportional to16 q2dq and, considering the Fourier coeffi-
cient of the Gaussian confinement envelope function of
FIG. 1. X-TEM DF diffraction contrast image “atlas” of RTP silicon rich silicon oxide samples on (100) Si. Bright spots are silicon nanocrystals aligned with
the <220> zone axis. The programed annealing time range is 1 to 600 s at 1100 C and the individual fields of view are 150 nm across  175 nm high.
FIG. 2. (Color online) Silicon nanocrystal size distributions as a function of
anneal time and temperature (indicated) as determined from the X-TEM
image “atlas.” The light gray (red) lines are lognormal fits to the data using
Eq. (1) with the characteristic values for the expected diameter, L and stand-
ard deviation, r also indicated for each curve.
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Eq. (4),1,2 C q!0; q!
  2¼ e q2L2=2a2ð Þ; we can write a more
detailed expression for the Raman line shape as:
I x; q!; L; a  ¼ A ð1
0
exp q2L2=2a2 
 x x q!  2þ C=2ð Þ2h i1q2dq (7)
where q is the reduced wave-vector, having the units of 2p/a
(with a¼ 5.43 A˚ being the bulk Si lattice parameter), x(q) is
the phonon dispersion and U is the linewidth of the spectrum
arising from the zone center phonon mode, which includes
instrumental broadening,6,17 taken to be equal to 4.7 cm1.
Equation (7) is the model employed by many authors to
fit their measured Raman spectra and in doing so they
attempt to access the confining length according to an arbi-
trary estimate of a, the physical basis for which remains am-
biguous. This model however neglects the presence of any
size distribution as if sampling a single phonon confinement
length, L, i.e., a monodisperse nanostructure size, which is
rarely, if ever the case. We prefer to extend this model by
incorporating two important features; a parameter which
reflects the pressure dependence of the phonon dispersion,
which we include by modification of the analytical expres-
sion of Eq. (8) after Paillard et al:18
x q!;P  ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x0 Pð Þ2 A q
!2
q!þ 0:53
s
: (8)
This representation of the phonon dispersion is derived from
the Brout sum rule and therefore removes any direction de-
pendence associated with the strong anisotropy of the optical
phonons in bulk silicon. This is necessary on account of the
fact that the nanocrystals in our samples are randomly orien-
tated as previously verified by TEM19 (not shown here). In
Eq. (8), A¼ 1.261 105 cm2 and x0(P) is the sum of the
bulk zone center phonon mode frequency, xbulk (¼ 521 cm1
for Si) and a pressure-dependent shift,20 Dxs (ﬃ 5P) with P in
GPa, included here as a fitting parameter enabling fine adjust-
ment of the calculated peak position without altering the line
shape.
Second, following the method of Adu et al.,6 we include
in our model the measured size distribution (from the X-TEM
images) so that the expression for the Raman line shape can
be written:
I x; q!; L; L!; r; a;P
 
 A
ð1
0
I x; q!; L; a;P F L; L!; r dL
(9)
which is effectively a double integral, one to evaluate the
phonon confinement in a single nanostructure, size L for all
q in the BZ and the other for the diameter distribution
including the measured values for L and r, for all L. Since
this model removes the size and distribution of sizes as varia-
bles, the measured line shape can be fit by adjustment of just
three parameters, an amplitude factor, A, which includes the
square of the Raman matrix element,6 Mq
 2, a, which allows
us to determine the actual boundary value of the phonon
wave-function and P, which provides quantitative data on
the film stress according to the absolute spectral shift, rela-
tive to that predicted by the PCM.
Figure 3 illustrates the effect of size distribution on the
Raman line shape, underpinning the importance of its inclu-
sion in the model.
The presence of a size distribution increases the asym-
metry of the spectra to lower frequencies, the degree of
which increases monotonically with increasing size distribu-
tion without shifting the peak position. This indicates that
the peak position is a strong function of the most probable
nanocrystal size, L. On the other hand, Fig. 4 illustrates the
effect on the Raman spectra for increasing the fitting parame-
ters, a and P, highlighting their competitive nature in deter-
mining the final peak position and width.
Figure 5 shows our measured spectra obtained after exci-
tation using the 514 nm line of an Arþ laser as well as the fits
using Eq. (9) all as a function of the annealing conditions.
Figure 5 indicates a complex spectral shape, which is
distinguishable from the background between 450 and 540
FIG. 3. (Color online) (a) Calculated Raman spectra with [dark gray (blue)
line] and without [light gray (red) line] the inclusion of a size distribution
for two most probable nanocrystal sizes, L¼ 2.7 nm and L¼ 1.25 nm [i.e.,
light gray (red) lines calculated using Eq. (7) and dark gray (blue) lines cal-
culated using Eq. (9) with fixed a and P]. (b) Calculated Raman spectra [Eq.
(9)] with increasing size distribution, r for a fixed L¼ 3 nm.
FIG. 4. (Color online) Calculated Raman spectra using Eq. (9) for a distribution
of silicon nanocrystals with most probable nanocrystal size, L¼ 3 nm and
r¼ 0.15. Dark gray (blue) lines indicate increasing values for a with fixed P (¼ 0)
and the light gray (red) lines indicate increasing values for Pwith fixed a (¼ 3).
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cm1. A broad, featureless band centered around 500 cm1
is evident even after just 10 s of annealing at 1100 C. This
band falls away sharply above 530 cm1 and, as the anneal-
ing time is increased a sharper feature emerges around 525
cm1. It is noteworthy that the spectrum from the sample
annealed for 120 s at the lower temperature of 1050 C is
only marginally more intense than that annealed for just 10 s
at 1100 C, yet significantly weaker than that annealed for
60 s at 1100 C. This indicates the much stronger depend-
ence of silicon nanocrystal formation on TA than on tA in
agreement with the TEM data and previously reported
observations.21
A number of interesting observations emerge from the
fits; the first and most apparent being that the fits correspond-
ing to the measured (X-TEM) size distributions (in Fig. 5)
are insufficient alone in describing the high frequency spec-
tral components. In fact, a second fit (in Fig. 5) was required
to describe the background scattering spectrum, which adds
significant contributions to the Raman spectra at lower fre-
quencies as well as a shoulder at higher frequencies. In order
to model these contributions we have had to assume that a,
which we have determined to have a value of three for all fits
corresponding to the measured size distributions, is inde-
pendent of the confining length, in qualitative agreement
with Adu et al.6 Then, we have fit this high frequency back-
ground scattering spectrum by optimization of L, r, and P
with the results indicating that the likely source of the back-
ground scattering spectra is a secondary population of ultra-
small (sub-nm), amorphous silicon nanoclusters that are
invisible in the X-TEM images. Indeed, bimodal size distri-
butions were already reported for Raman analyses of amor-
phous nanocrystalline Si (Refs. 22 and 23) and porous Si
(Ref. 24) thin films.
We would like to make a comment about estimating the
crystalline fraction (of nanoclusters), qc from Raman scatter-
ing spectra. We note that such estimates were previously
obtained using Eq. (10):25–27
qc ¼
Ic
Ic þ yIað Þ (10)
where Ic and Ia are the integrated intensities of the respective
crystalline and amorphous contributions to the total Raman
scattering spectrum and y is supposed to be the ratio of crys-
talline to amorphous scattering cross sections. It was
reported by Bustarret et al.28 that y exhibits a size depend-
ence according to y(L)¼ y(1)þ eL/250 with
y(1)26,28¼ 0.1. However, the very presence of a bimodal
cluster population, each of which has a wide size and there-
fore scattering cross-section distribution as well as contribu-
tions from the SiO2 to the final spectrum calls into question
the accuracy of this approach. We are of the opinion that,
without the support of at least one other analytical technique,
an unambiguous determination of the absolute crystalline
fraction cannot be justified.29 Rather, an estimate of the rela-
tive increase in crystalline fraction, x is more appropriate
when considering the thermal evolution of the Raman scat-
tering spectra alone. We obtained such a value from our em-
pirical convoluted peak sum fit (in Fig. 5), which we
calculated using Eq. (11):
Ipeaksum ¼ A xp1 þ 1 xð Þp2½ 	 þ Bp3 (11)
with p1 and p2, respectively, representing the crystalline and
amorphous nanocluster scattering peaks and B (¼ 0.07) rep-
resenting a constant intensity of the scattering peak, p3 asso-
ciated with the a-SiO2 film. The magnitude of the fitting
parameters, A and x increased from 1.5 to 2.5 and 0.4 to
0.65, respectively with increasing thermal budget which we
believe reflects both an increased contribution from the
nanoclusters (crystalline and amorphous) to the total scatter-
ing spectrum as well as a relative increase in their crystalline
fraction.
Next we address the physical interpretation of a, the size
of which determines the boundary value of the phonon
wave-function as shown in Fig. 6 for a range of reported val-
ues6 and that determined in this work.
FIG. 5. (Color online) Thermal evolution of the measured (circles) Raman
spectra (offset for clarity) and corresponding fits for the measured (X-TEM) sil-
icon nanocrystal size distributions [thin light grey (red) line] and and the high
frequency background scattering spectrum from ultrasmall silicon nanocrystals
[dark gray (blue) line] using Eq. (9). The convolution [bold light gray (red)
line] was obtained by the inclusion of a constant (Gaussian) scattering contribu-
tion with a peak at 480 cm1, which arises from the a-SiO2 films [dashed dark
gray (blue) line]. At the very top of the figure is a measured (circles) bulk sili-
con reference spectrum which is fit using Eq. (7) for comparison.
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It is tempting to conclude that the wide range of reported
a-values6 is a result of the sensitivity of the Raman scattering
to the nanostructure surface phonon modes. Indeed, this
interpretation was eluded to already by a number of investi-
gators30,31 in what is typically referred to as “soft con-
finement,” whereby the phonon effectively “leaks” out into
the surrounding matrix. However, most workers2,3,6,16,17,32,33
report better agreement with their measured data, either by
increasing a or by defining the confinement envelope to be a
sinc function,18,34 analogous to the ground state electronic
wave-function in an infinite potential well, both of which
yield a boundary value of zero for the phonon wave-function.
The difference being that the latter ensures that the value of
the phonon wave-function goes to zero only at the nanocrys-
tal boundary, which, with the exception of the shape of the
wave-function inside the nanocluster amounts to a similar
result as that we have obtained in this work, where a¼ 3. We
note that when employing the general Gaussian confinement
envelope function of Eq. (4), values of a> 3 leads to decay
of the phonon wave-function to values much closer to zero
well within the boundary, i.e., for 2r/L< 1, for which there
appears to be no physical justification, despite the multiplic-
ity of reports.2,3,6,17,32 While the large range of reported val-
ues undoubtedly reflects an omission of the size distribution
from many models, a more complete comparison should also
take into account the fact that the definition of the phonon
dispersion characteristics often varies from model to
model.5,6,18,31 In addition to removing anisotropy from the
dispersion of bulk optical phonon branches, on account of
the random orientation of the nanocrystals, the model should
take into account, where relevant, the effects of tempera-
ture3,17 and pressure25,35 on the phonon dispersion character-
istics. In doing so, we obtain the result that the wave-
function probability amplitude is equal to zero only for
2r/L 1, which removes the unnecessary and rather ambigu-
ous concept of “soft confinement.”
Finally we examine the pressure parameter, P, which we
note from our fitting increases monotonically with the
inverse thermal budget (and therefore inverse nanocrystal
size). We interpret this in the following way; Anomalous
up-shifted Raman peaks were already reported and attributed
to compressive stress36,37 or hydrostatic pressure,25 which
acts in opposition to the effect of phonon confinement with
the competition between the two effects determining the
observed (measured) peak position. A similar qualitative
result was previously reported by Hernandez et al.25 In that
work the authors attributed the stress to an abrupt lattice mis-
match between the matrix and the surface of the nanocrys-
tals. The authors of Ref. 25 proposed that the smaller values
determined for larger silicon nanocrystals could be due to a
combination of smaller surface to volume ratio and the pres-
ence of a pressure relieving amorphous shell which separates
their crystalline core from the surrounding matrix. We adopt
a more fundamental approach and assume that the nanocrys-
tals/clusters behave like small spherical liquid droplets
where the pressure difference across their interface is mini-
mized by their growth (stress relaxation), with a correspond-
ing change in their surface energy. For example, if, during
the relaxation process, the pressure difference across the
interface of a spherical nanocrystal, pi  po¼P results in an
increase in the particle radius from r to rþ dr, then there is
“work done” equivalent to the product PAdr. The equivalent
change in surface energy is then given by dE¼ cdA, where c
is the surface tension and dA is the corresponding change in
surface area. Equating the “work done” to the change in sur-
face energy then yields the well known LaplaceYoung
relation given by Eq. (12):
P ¼ 2c
r
¼ 4c
L
(12)
using the values of L and P from our measurements and fit-
ting we determine that the surface energy, c exhibits a size
dependence as shown in Fig. 7.
In fact the size dependence of the surface tension was al-
ready reported for a range of materials38–41 confirming that it
FIG. 6. (Color online) Effect of a-value on the modified phonon wave-
function confined within a nanocrystal, size L (i.e., for 2r/L
 1).
FIG. 7. (Color online) Surface energy (filled diamonds) as a function of
most probable silicon nanocrystal/cluster size. The bold gray (red) line is a
fit to the measured data using the generalized size-dependent surface energy
relation (Refs. 38–41) [Eq. (13)]. With cbulk  1.2 Nm1, Tolman length, d
 0.15 nm. The inset shows the estimated pressure (circles) as a function of
the nanocrystal/cluster size as determined from the spectral fitting parame-
ter, P. The size of the error bars are derived from the confidence of the fits in
Fig. 5 based on an optimized coefficient of determination (R2-value).
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is a general property of nano-particles. The values we calcu-
lated for c increase from 0.6 to 1 Nm1 when the
expected particle size, L increases from 0.7 to 2.7 nm.
Despite the apparent mixed phase nature of the silicon nano-
clusters in our samples and the fact that the reported values
for the surface energy of amorphous silicon are typically
lower than those for crystalline silicon, the wide range of
values reported for the bulk surface energy,42–45 in our view,
justifies the single fit to the data in Fig. 7 assuming a straight-
forward capillary approach in accordance with the approxi-
mate but adequately precise Tolman relation,46 Eq. (13):38–41
c L
  ¼ kbulk
1þ 4d
.
L
  : (13)
Obtaining an accurate value for the Tolman length, d then
naturally depends on the correct choice for the bulk surface
energy, cbulk. We used an average experimental value for the
planar bulk silicon surface energy45, cbulk ( 1.2 Nm1) to
retrieve an estimate of the Tolman length, d ( 0.156 0.1
nm), which appears to be in reasonable agreement with those
in the literature Ref. 41.
It is worthy of note however that, for the special case of
crystalline nanoparticles, an interphase (or mixed phase)
transition region, which separates the crystalline core of
ultrasmall particles from their surrounding host matrix25,46
likely determines the surface tension probed in this work
(and possibly in many other works). Of course, the presence
of such an interface region might explain why the size effect
of the surface tension appears to dominate any obvious phase
dependency, although one cannot rule out other factors that
are known to affect the surface energy, such as surface oxi-
dation47,48 or hydrogenation.44
IV. CONCLUSIONS
We studied the Raman spectra corresponding to the Si
TO phonon mode around 520 cm1 as a function of the
annealing environment for Siþ implanted, thermally grown
oxide films on Al2O3 (sapphire) substrates. The monotonic
increase in the peak around 520 cm1 evidences the presence
of SiSi bonds and the formation of crystalline particles
with increasing long range order. This is consistent with the
formation and growth of silicon nanocrystals with increasing
thermal budget. In order to explain the peak shift and asym-
metric broadening relative to that from single crystal bulk
silicon we fitted the measured Raman spectra with a modi-
fied PCM based on that originally developed by Richter
et al.1 The degree of phonon confinement is expected to be a
strong function of the nanocrystal size and since the total
Raman spectrum represents a superposition of allowed opti-
cal modes, the line shape should therefore depend on the spe-
cific size distribution being sampled. Based on X-TEM
image analysis of silicon nanocrystals prepared in a similar
manner, we reveal that this size distribution is most accu-
rately represented by the lognormal PDF. Invoking the PCM
recently adapted by Adu et al.,6 which includes this meas-
ured size distribution gives physical meaning to our model
and critically removes uncertainty in determining the con-
finement length scale. By defining the Gaussian confinement
envelope function generally and including an analytical pho-
non dispersion, which removes the direction dependence
associated with optical phonons in bulk silicon, we obtain
excellent fits to the normalized measured Raman spectra by
optimization of just two fitting parameters, a and P. The for-
mer determines the exponent value of the confinement func-
tion providing the actual boundary value of the phonon
wave-function and the latter, which is included in the analyt-
ical expression for the phonon dispersion provides quantita-
tive information about stress in the films. The fits to our
measured Raman spectra indicate that there is a bi-modal
population of nano-structures with similar size distributions,
although only one of which, exhibiting some crystalline frac-
tion, is visible in the X-TEM images. The model indicates
that the second population, which is inferred from the high
frequency background scattering spectrum, are extremely
small (sub-nm), amorphous nanoclusters. Bi-modal size
distributions were also reported previously for nc-Si formed
in a-SiO matrices via laser annealing5 and more recently in
Si/SiO2 multilayer structures prepared by magnetron
sputtering.49
We were able to fit all of our measured Raman spectra
under the assumption of a constant a-value, indicating that
the boundary value of the phonon wave-function is inde-
pendent of the confinement length, in qualitative agreement
with Adu et al.6 Critically, the a-value we obtain specifically
implies rigid confinement with the wave-function probability
amplitude approaching zero only for 2r/L 1. We postulate
that inconsistent definitions for the phonon dispersion may
be, in part responsible for the range of reported a-values.
Finally, our fitting parameter P, which has the effect of
shifting the spectra to higher frequencies and therefore com-
petes with the effect of phonon confinement, indicates the
presence of stress in the films, which turns out to be a strong
function of the most probable nanocluster size. Using the
values we obtained for this stress induced Raman shift, in
conjunction with the Laplace-Young relation, we determined
values for the size-dependent surface tension and the Tolman
length, which appear to be in good agreement with the litera-
ture values.41
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